ABSTRACT: The mammalian dentition is a segmental, or periodically arranged, organ system whose components are arrayed in specific number and in regionally differentiated locations along the linear axes of the jaws. This arrangement evolved from simpler dentitions comprised of many single-cusp teeth of relatively indeterminate number. The different types of mammalian teeth have subsequently evolved as largely independent units. The experimentally documented developmental autonomy of dental primordia shows that the basic dental pattern is established early in embryogenesis. An understanding of how genetic patterning processes may work must be consistent with the different modes of development, and partially independent evolution, of the upper and lower dentition in mammals. The periodic nature of the location, number, and morphological structure of teeth suggests that processes involving the quantitative interaction of diffusible signaling factors may be involved. Several extracellular signaling molecules and their interactions have been identified that may be responsible for locating teeth along the jaws and for the formation of the incisor field. Similarly, the wavelike expression of signaling factors within developing teeth suggests that dynamic interactions among those factors may be responsible for crown patterns. These factors seem to be similar among different tooth types, but the extent to which crown differences can be explained strictly in terms of variation in the parameters of interactions among the same genes, as opposed to tooth-type-specific combinatorial codes of gene expression, is not yet known. There is evidence that combinatorial expression of intracellular transcription factors, including homeobox gene families, may establish domains within the jaws in which different tooth types are able to develop. An evolutionary perspective can be important for our understanding of dental patterning and the designing of appropriate experimental approaches, but dental patterns also raise basic unresolved questions about the nature of the evolutionary assumptions made in developmental genetics.
Introduction: When Teeth were King "The older works and ideas of Cuvier, Owen, Huxley and others are of comparatively little service now, for they treat the teeth of each order of mammals as of so many distinct types, whereas they must now be treated as modifications of one type." (H. F Osborn, 1897) T he dentition was long among the most important traits in vertebrate biology. Leading figures in the formation of modern biology in Europe devoted considerable attention to the subject-Georges Cuvier (and his brother Francis) and Richard Owen, for example. Of particular interest was the question of dental patterning, by which we refer to the location, number, and morphology of teeth in the dentition. Fig. 1 illustrates several aspects of dental patterning that have long been of interest in research on the dentition and its evolution. We were among the major structures found in fossils. Of particular interest were aspects of the skeleton that reflected serial homology among their constituent parts. This term referred to the repetition of similar parts, which in some cases showed regional variation in their details-like the vertebrae and teeth. After Darwin convinced biologists that similarities among species could be explained in historical terms-that is, homology is equated to common ancestry-teeth were among the more important structures used for the construction and attempted understanding of vertebrate and, in particular, mammalian phylogeny. Darwin hypothesized that repetition of the trait came first, forming the working material for subsequent regionalization. He and others of his time worked on a type of idealized morphology: Existing diversity is a variation on a common theme that Darwin assumed once existed as a common ancestral form. As indicated by the leadin quote from the pioneer in the establishment of dental homologies, the diversity of mammals was held to reflect variation on common components, shared since that ancestry, and genetics adopted the same assumptions with regard to underlying genetic mechanisms. This is important in a practical sense; for example, the value of the mouse as a model system for human oral biology largely rests on these assumptions. Darwin believed in the gradual evolution of form, so that traits shared by two species would be shared by their ancestors back to a common root. Other leading biologists of the late 19th century-like William Bateson, one of the founders of genetics-believed that traits like the dentition had to evolve qualitatively (Bateson, 1894) . Many aspects of the dentition are qualitative: a certain number of teeth, in discrete, separated sites, with internally discrete traits like cusps and roots. Bateson argued that there need not be, perhaps cannot be, the sharing of such traits back to a common ancestry among qualitatively varying dental patterns today, or strict homology between specific teeth or cusps in such circumstances. Discrete variation cannot go back continuously in time. Nonetheless, Darwin's view came to dominate biological thinking (as it still does). That, as we will argue, may have been misleading.
Darwin himself (in Origin of Species) thought the problem of the evolution of serial homology to be "almost beyond investigation". But recently, molecular and developmental methods have revealed basic mechanisms of tissue interaction in odontogenesis (the production of the basic tissues and structures within teeth), mechanisms that seem very similar to those used by other tissues. Teeth develop through a process known as epithelial-mesenchymal interaction (EMI) , in which cells of neural crest (NC) origin respond to signals from the overlying epithelium at an appropriate time to trigger dental morphogenesis. Teeth are a powerful experimental system by which to study the general EMI process, regardless of the structure that results. Similar genes and perhaps developmental processes seem to be involved in early developmental stages of the limb and facial processes [see Section (V.l.i) l. In the case of teeth, an enamel layer derived from the epithelium develops over a mesenchymally derived layer of dentin supplied with innervation and vascularization through the pulp cavity, anchored to the surrounding bone. [For reviews of the genetics of odontogenesis, see Thesleff and Nieminen, 1996; Slavkin and Diekwisch, 1996; Maas and Bei, 1997; Thesleff and Sharpe, 1997 ; and the online database (Toothbase, 1997) .1
Once a tooth develops, all teeth seem to be made of the same material, produced by a generic process of odontogenesis. But this similar dental material is distributed in a nested, periodic way along the jaws: among teeth separated by spaces, and in the wavelike distribution of cusp and roots within teeth. What is the relationship between the genetic determining mechanisms and this pattern? How much of the pattern is the result of a process rather than a genetic specification of individual structures within it? What determines where and how many teeth will be initiated along an apparently uniform jaw epithelium? This paper concerns what those patterning mechanisms might be.
(I) Teeth, First 
and Foremost
The basic dental histology was present in the earliest known craniate fossils over a half billion years ago (Smith and Hall, 1993;  Butler, 1995; Smith et al., 1996; Huyssene and Sire, 1998; Smith and Coates, 1998) . Diagnostic features-such as tubules for odontoblast processes in dentin, and a pulp cavity-are clearly found in fossils of that age, in small basic structural units known as odontodes or denticles. Sub-ectodermal NC migration and EMI seem very likely to have been used (if not invented) to generate these structures. An exoskeleton of denticle scales was characteristic of most early chordates, and a classic story of evolutionary opportunism had it that anterior scales were recruited to form teeth as part of the evolution of jawed vertebrates.
However, the conodonts, among the earliest chordate lineages, possessed anterior denticles apparently used for rasping feeding (Janvier, 1995; Smith et al., 1996) . Thus, teeth may be foremost in time as well as in the animal. In any case, because of the similarity in the histology of scales and teeth in present-day chordates, these structures may also share genetic mechanism(s)-at least, that is the Darwinian assumption.
(11) Heterodonty: "By the Nature of the Cusps of a Single Molar Tooth" For a long time after the evolution of jaws, the dentition was homodont: composed of numerous rather similar, and continually replaced, teeth. The number was highly variable, and the dental lamina was the locus of stem cells capable of periodically producing an entire tooth in interaction with underlying NC-derived, odontogenic mesenchyme (e.g., Peyer, 1968; Luckett, 1993) . Teeth were not necessarily limited to a single row along the jaw margin as in present-day mammals; numerous bones of the oral cavity and pharynx were capable of bearing teeth.
A characteristic of the evolution of mammals has been the addition of heterodonty, or regional structural differentiation among teeth. Homodont species may exhibit teeth with some differences in size, shape, or orientation of curvature, but these are generally graded and quantitative; shape differences among mammalian tooth classes are more qualitative. The definition of the tooth classes is not necessarily on the basis of shape, as discussed in the next section, but in many mammalian species, heterodonty involves spatulate incisors distal to a conical canine, followed by the box-like premolars and molars.
Heterodonty was already present in some mammallike reptiles (Peyer, 1968; Osborn, 1973) . Osborn (1993) suggested that in some modern homodont reptiles (crocodiles and alligators), teeth develop from three separate populations of NC cells. Such populations were proposed to be reflected in wavelike regions of size difference. If the existence of separate populations of odontogenic cells in homodont species is correct, jaw regionalization may have antedated and provided the basis for the evolution of mammalian heterodonty. An early evolution of jaw regionalization may be the basis for the independent appearance of heterodonty in several other vertebrate lineages (Peyer, 1968; Butler, 1995) . Other axially regionalized, segmented systems (such as the vertebral column, limbs, and gut) have undergone a regionalizing history very similar to the transition from homodonty to heterodonty (Weiss, 1990 (Weiss, , 1993 .
A major feature of heterodonty is the pattern of cusps and ridges that characterize the crowns of teeth, especially the molars and premolars (e.g., Osborn, 1897; Hershkovitz, 1971; Hillson, 1986; Butler, 1995) . These crown patterns are so distinctive that, as one paleontologist has recently expressed it, "most mammalian species can be distinguished by the nature of the cusps of a single molar tooth" (Carroll, 1988) . But is a cusp a separate structural, genetic, or phylogenetic entity? Can cusp homology be identified between species? What is the relationship among incisors, canines, and molars? We will see that these are interesting questions, not easy to answer.
(11. 1) DIFFERENCES AMONG TEETH WITHIN MAMMALIAN DENTITIONS Each tooth in the dentition of a particular mammal differs in shape from every other tooth (Osborn, 1993) . The universally acknowledged designation of four tooth classes (incisors, canines, premolars, and molars, with the latter two classes sometimes jointly termed 'cheek teeth') implies that some of the differences are more fundamental than others. In many species, the differences between classes correspond to the typical shape categories mentioned above. However, some mammals have highly modified dentitions, and in these it can be difficult to decide to which class individual teeth belong. Three basic criteria have been proposed for assigning teeth to classes (Luckett, 1993) (Luckett, 1993) . These differences in interpretation imply different processes of evolution of the mammalian dentition and possibly different developmental genetic control mechanisms. For example, changes identified as homeotic (a tooth resembling teeth from a different position in the jaw) based on developmental criteria would be interpreted as changes in the number of teeth within a class by shape-based models. Homeotic change has been used as evidence that tooth shape is influenced by position in the jaw and is at least partly independent of tooth initiation (Butler, 1995) ; re-interpretation of these evolutionary transformations as changes in the numbers of members of tooth classes does not necessarily support such an interpretation.
While shape differences between members of different tooth classes may be qualitative, those between members of the same class are typically more quantitative, as can be seen in Fig. 1 . Different features (specific cups, lobes of the crown outline, and roots) reach their maximum development on different teeth within a class (Butler, 1939 (Butler, , 1995 . The degrees of development of these features form gradients such that teeth tend to resemble their immediate neighbors and are progressively more different from more distant tooth class members. These shape gradients can be somewhat independent of gradients in tooth size. The contrast between shape differences among tooth classes and those within classes forms the basis of theories for the control of heterodonty [see Section (111. 1) Features of evolutionary changes in mammalian dentitions suggest a number of basic rules that may imply something about the underlying developmental control mechanisms. Common modifications include changes in the number and location of cusps (Bateson, 1894; Peyer, 1968; Carroll, 1988; Miles and Grigson, 1990) . Based on the Darwinian assumption of historical continuity, homologous cusps have been identified among diverse taxa, and under this assumption, the order in which cusps appear during development often generally parallels the order in which the 'same' cusps arose in evolution and is the reverse of the order in which they are lost (Hershkovitz, 197 1; Butler, 1995) . Many features are prone to parallelism, however; for example, a fourth upper molar cusp known as 'the' hypocone has appeared independently a great many times during evolution (Hunter and lernvall, 1995; Jernvall, 1995) . A developmental rather than a historical-Darwinian view may change the interpretation and the genetic inference made, as will be discussed in Sections (III) and (VII).
The most likely ancestral dental formula (number of teeth of each type in each jaw quadrant) of placental mammals is three incisors, one canine, four premolars, and three molars (Carroll, 1988; Luckett, 1993) . With a few exceptions, change in tooth number during the evolution of placental mammals is the result of tooth loss relative to this presumed ancestral formula. This loss tends to occur in the reverse of the order in which teeth are initiated during development.
In each jaw quadrant of most species, three tooth buds are formed almost simultaneously along a continuous dental lamina ( Fig. 2; Luckett, 1993) . These give rise to the most mesial incisor, the canine, and the most distal (or second most distal) premolar. Additional buds then appear from mesial to distal in the incisor region and from distal to mesial in the premolar region. Distal growth of the lamina is followed by the progressive mesial to distal appearance of molars (and the most distal premolar if not one of the initial buds). Secondary teeth develop when a successional lamina forms as an extension of the epithelial component of a primary tooth. The secondary teeth first appear at the tips of these laminae prior to the completion of morphogenesis of the primary teeth. Loss of the last members of a tooth class to be formed during development also characterizes many natural anomalies within humans and other species (Bateson, 1894; Miles and Grigson, 1990) and suggests that a quantitative rather than a trait-specific genetic mechanism may be responsible for specifying tooth number. In other words, a generative process may fall below a threshold during development. Loss of structures in the reverse of the order in which they appear also characterized the evolution of tetrapod limbs (Shubin et al., 1997) and the tail region of the vertebral column (e.g., as in humans). This has been suggested to be the result of a reduction in the number of precursor cells for particular skeletal elements.
More dramatic changes in tooth number have occurred during evolution (Peyer, 1968) Ruch et al., 1997) .
As an exception to the general rule of evolutionary tooth loss, some toothed whales have greatly increased tooth numbers of essentially homodont morphology, clearly not consistent with classic Darwinian continuity. Evolutionary modifications in tooth number have also affected tooth succession. Some forms have become toothless (e.g., baleen whales and pangolins) by the failure of eruption of vestigial primary teeth coupled with the complete suppression of the secondary dentition. The adult dentition of rodents is believed to consist entirely of primary teeth (Luckett, 1993) , while in bats, primary and secondary teeth can erupt at about the same time, leading to the presence of both in the adult antemolar dentition. Evolutionary modifications have occurred in tooth structure (Peyer, 1968) . The incisors of rodents grow throughout life and have lost enamel from their inner edges. Rabbits have ever-growing molars and incisors, both of which possess enamel surrounding all surfaces (Hillson, 1986) . Enamel is completely lacking in the teeth of armadillos and aardvaarks.
The teeth within a class typically evolve as a unit, such that new features arising in a group often affect more than a single tooth (Peyer, 1968; Carroll, 1988; Butler, 1995; lernvall, 1995) . Correlated evolution of cheek teeth may also be reflected by changes in the shape gradient, which can take two general forms (Butler, 1939 (Butler, , 1995 (Peyer, 1968; Butler, 1978; Luckett, 1993) . In the case of the mole, the homeotic changes have occurred in the lower but not the upper jaw, suggesting some degree of independence of the two portions of the dentition. An extreme example of homeotic change is the secondary homodonty of toothed whales; determining what type of tooth remains in this group is problematic.
Homeotic variation characterizes other segmented organ systems, like the vertebral column (Bateson, 1894; Weiss, 1993; Weiss et al., 1994) . As in the evolutionary homeotic transformations of teeth described above and those occurring as anomalies within species (Miles and Grigson, 1990) , homeotic changes in the vertebral column occur between neighboring identities (e.g., cervical and thoracic vertebrae). This pattern may explain the absence to date of homeotic changes in mice with inactivation of genes proposed to play a role in tooth type specification (see below); because mice lack premolars and canines, the only obvious transformations would be between incisor and molar morphologies. But since these teeth occupy the termini of the dentition of most mammals, it is possible that they are too distant to exchange form. There is at least one possible example of such a change. Kantaputra and Gorlin (1992) reported molar-shaped teeth in the incisor region of a human family; however, the teeth were imperfect molars and must be interpreted with caution.
Most naturally occurring human dental formula anomalies are typified by a variable number of teeth in one or both jaws, but other members of the same class are usually present somewhere in the dentition. Similar effects characterize anomalies in several experimental genetic interventions in mice. This will be the subject of Section (V) below and has been reviewed recently (Maas and Bei, 1997 The later 19th century was a time of discovery and understanding of electromagnetic fields, which can generate similar interference patterns. Several investigators transferred these mechanistic concepts to biological patterns. Of course, after Darwin, explanations in biology had also shifted, to an evolutionary framework. Bateson (1894)-working when evolution had become the formal matrix of biology-noted a resemblance between patterns found in serially homologous traits, like the skeleton and dentition, and the wavelike mechanical Chladni figures (Waller, 1961 )-ideas he extended to include aspects of regional differentiation (Bateson, 1913) . Bateson likened discrete evolutionary changes in seg-mented traits to changes in Chladni figures. He contrasted this type of change with the gradual change of individual traits invoked by contemporary Darwinian thinking, arguing that such gradualism could not explain discretely varying traits and did not explain species evolution. Patterned variation, he argued, may arise "by a single event" (Bateson, 1913) . If this is what occurred in teeth, should we be looking for mutations affecting the production or protein kinetics of regulatory molecules, rather than for genes or combinations of genes specific to individual traits?
By the 1930s, almost exactly a century after the Geoffroy-Cuvier debates, experimental embryologists borrowed from physics to suggest that fields within tissues may explain the development of patterned traits (Gilbert et al., 1996) . Gradients within a field would specify position within a tissue, information that otherwiseidentical cells could translate into position-specific structure by activating appropriate genes. A half-century after Bateson's mechanical speculations, and unaware of that work, Alan Turing (1952) suggested that quantitative wavelike patterns could be produced by chemical interactions over space if substances, called morphogens, interacted in reaction diffusion processes to produce spatial variation (see also Murray, 1993; Meinhardt, 1996; Sager, 1996) . If diffusible activator(s) move from a source, through a tissue, and induce or interact with diffusing inhibitor substance(s), for example, the relative rates of production, autocatalysis, degradation, diffusion, induction, and inhibition of these substances lead to dynamic wavelike patterns. If there were a cellular response to the concentration of one of these substances, patterned growth, mineralization, pigment production, and the like, as observed in natural species, could result. Lewis Wolpert applied Turing's mechanism to the patterning of the limb by diffusible morphogens (Wolpert, 1969) .
Morphogenetic field models can be applied to the patterning of the dentition. For example, Butler (1939; van Valen, 1970) used the field concept to argue that gradients of tooth shape within a class could result from initially identical primordia responding to morphogen gradients along the jaw, while the different tooth classes could be the result of separate morphogens.
Alternatively, the different types of teeth could be produced by the progeny of three or four different sets, or clones, of cells. Osborn (1978) Fig. 3B , another possible relationship between signals for tooth type selection and initiation is that three different signals are responsible for ini-tiation in the different tooth classes, so that molecular differences among tooth types appear at, but not before, the time of initiation. Finally, tooth type selection might occur subsequent to the initiation of identical tooth primordia (Fig. 3C ). This possibility is not consistent with explant and tissue recombination experiments suggesting that mouse molar and incisor regions are determined at least as early as the time of initiation (Lumsden, 1988) .
There are various ways that patterning may be laid down during the development of a structure. A pattern can be imposed on a pre-existing region by an organizing center (OC) which serves as a source of diffusible substances (morphogens). Such substances may form a gradient that decreases with distance from the OC. An example of an OC that imposes pattern on an alreadyformed structure is the midbrain-hindbrain boundary region, which plays a role in patterning the midbrain (Lumsden and Krumlauf, 1996) . Alternatively, patterning information can be imparted to cells during outgrowth of a structure, as is believed to occur in the limb buds (Tabin, 1991; Tickle, 1995) and facial processes (Wedden et al., 1988; Richman and Tickle, 1992) . In the progress zone (PZ) model for patterning the proximo-distal axis of the limb, cells form different elements of the limb pattern based on the amount of time they spend in the PZ, a region of rapidly dividing mesenchymal cells near the distal edge of the limb (Summerbell et al., 1973) . Such cells receive signals from the overlying ectoderm; during the process of cell division, some cells are left behind, out of the range of these signals. Once the cells leave the progress zone, they differentiate according to the patterning information they received while in the PZ. Dynamic processes in the cells of the PZ may change over time; cells left behind at later stages of development represent a different "frozen record" of such processes than those left behind earlier. The possibility that the different tooth types correspond to different lengths of time in a PZ is discussed further in Section (V.1 .i). As in Fig. 3A , the pre-pattern or positional information laid down during outgrowth of the jaw primordia might be interpreted only after a subsequent tooth initiation signal is received; i.e., the cells already "know" what type of tooth to make. The latter idea receives support from Lumsden (1979) , who obtained complete molar dentitions after culturing explanted fragments of mouse mandibles from gestational stages E II to El 5 (days post-conception), free from any morphogenetic fields that might exist in the jaw.
(111.2) SELF-ORGANIZING SYSTEMS Systems of the kind just described become self-organized once a set of differentiation factors is established, in the sense that further exogenous signaling is no longer needed. The elements of the final pattern are 'contained' within the parameters of the process, rather than being individually specified genetically. To (Murray, 1993) Fig. 1 . These include seashell (Meinhardt, 1995 (Meinhardt, , 1996 , butterfly (Murray, 1993; Nijhout, 1991) , feather patterning (Jung et al, 1998), and mammal coloration patterns (Murray, 1993 (Nijhout, 1991; Murray, 1993; Meinhardt, 1996) . As was stressed by O'Farrell (1994) , there are essentially two schools of thought on how distributions of gene products might be interpreted in the elaboration of pattern. One is that the concentration of a morphogen distributed in a gradient causes cells to adopt a particular fate. Another is that cell fate is specified by a code of regulatory molecules (e.g., transcription factors). O'Farrell (1994) pointed out that the two views are not mutually exclusive and that there might be a sequential process of interpretation of gradients to produce stripes of regulatory molecules, within each of which further gradients are established. One of the questions that arise if such a view is applied to the dentition is, Which elements of the pattern are specified by unique codes of molecules and which are encoded by concentration gradients? In other words, is there a specific code (expression of a unique gene or set of genes) for each molar cusp, for each tooth, or only for each tooth type? The variations in numbers of cusps and teeth within mammals make the former two possibilities highly unlikely (jernvall, 1995) . However, is it possible that even the different tooth types are specified by quantitative differences in expression of identical gene products? Aspects of the pattern of the dentition (e.g., cusps vs. valleys, toothed vs. diastemal regions of the jaw, different tooth types) may simply represent nested waves and troughs of a BTP If so, there may not be any genetic difference between these mutually exclusive pattern elements, which may instead be produced by spatially or temporally different concentrations of the same factors at earlier stages of development (e.g., Murray, 1993; Webster and Goodwin, 1996) . Genes expressed at various times and places in dental patterning could be the consequence of such a process, but not its cause, as we will see when we consider the nature of the enamel knot in crown morphogenesis [Sections (VI. 1) and (VI.2)l. We stress these points because there is a difference between seeking to explain pattern in terms of variation in a quantitative process and expecting there to be genes 'for' each element of the pattern.
(IV) Histological and Developmental Consideration of the Dental Arches
Ideas about the control of dental patterning were derived first from experiments that complemented the comparative and paleontological work discussed earlier (Butler, 1995; Ten Cate, 1995; Lewin, 1997; Kollar, 1998 ) (we thank one of the pioneering participants, E.l. Kollar, for firsthand help in this summary). In the 1930s, Dahlberg (Huggins et al., 1934) and Glasstone (1936) opened the door to experimental embryology on teeth by demonstrating that tooth germs could be cultured in vitro, and showing that EMI was a requisite for their development. Understanding of aspects of the control of tooth development progressed in the 1960s, as Slavkin and colleagues studied aspects of the control of cultured whole tooth germs and developed serum-free culturing techniques (e.g., Slavkin and Bevetta, 1968; Slavkin, 1974 Slavkin, , 1982 Hata and Slavkin, 1978; Cummings et al., 1981) , in which various conditions could be manipulated and the presence or distribution of specific structural components could be measured or manipulated; this work was advanced by several laboratories, notably those of J.-V. Ruch and I. Thesleff (see their papers in the bibliography), who have concentrated on signaling and structural factors, the extracellular matrix that separates the two major tissues, and the genes responsible for them.
A major advance in studies of the control of tooth morphogenesis and patterning occurred when Rawles (1963) , working on feather buds, found that trypsin treatment could dissociate the two primary tissues, allowing for in vitro culturing of very early dental tissue. This led to a number of experiments with cultured recombinant tissues of epithelium and mesenchyme from the same or different tooth germs (incisor, molar) or from the same or different origins (first branchial arch, which will become the jaws, or from elsewhere in the embryo). The power of such experiments was augmented when Kollar and Lumsden cultured first-arch explants and/or recombinant tooth germs in the eye chamber of a host mouse. The essential findings (Kollar and Baird, 1968, 1970; Miller, 1969; Lumsden, 1979 Lumsden, , 1988 Mina and Kollar, 1987) were that dental programming instructions reside initially in the epithelium but by about E12.5 (in the mouse) are transferred to the responding NC-derived mesenchyme. Subsequently, Lumsden, Hall, and others have shown that NC from beyond the head region can respond adequately to epithelial signal (Lumsden, 1988; Graveson et al., 1997 ). We will be reviewing the relevant aspects of the morphological evidence in Section (IV) and the genetic evidence in Sections (V) and (VI).
The origins of odontogenic tissues suggest ways the dentition may be patterned, and may help us to interpret or pursue the above kinds of models. For example, a challenge for gradient concepts is that the upper and lower dentitions develop differently with respect to physical continuity.
(IV. 1) FACIAL PROCESSES AND THE DENTITION The adult mammalian dentition consists of two parallel mesio-distal (incisor-molar) axes, corresponding to the upper and lower jaws. Across a diversity of species, the teeth in the two jaws are similarly arranged and usually similar in morphology. An obvious possibility is that the axes in both jaws may be patterned by a similar or identical process, and Bateson (1894) toyed with the idea that an original single axis develops and is then slit into upper and lower halves. How these axes are established might help us understand the underlying genetic processes.
The jaws of amniotes develop from a number of facial processes which undergo outgrowth and subsequent union. The relevant structures are shown in Fig. 4 .
The first arch develops into (1) the left and right mandibular processes, which fuse in the midline to form the lower jaw, and (2) the maxillary processes, which form only a part of the upper jaw, the remainder of which 9(4 36-9 19)Ci RvOa i is derived from the frontonasal mass. The latter, with the formation of the nasal pits, becomes subdivided into left and right lateral nasal processes and left and right medial nasal processes. The tooth-bearing margin of the upper jaw is formed from the union of the maxillary processes with the medial nasal processes. The junction between these processes is probably at the suture between the premaxillary and maxillary bones (Miles and Grigson, 1990 analogous to the parallel axes of the fore-and hind-limb, which grow out from separate sites along the lateral midline. Finally, we (Stock et al., 1997; Weiss et al., 1997) suggested that the dental arches might be viewed as a single, bidirectional mirror-image axis programmed by a central OC in the primordial hinge region (between future upper and lower jaws), with symmetric patterning gradients spreading out from the OC and folding forward (Fig. 5C ). An analogy may be the midbrain mentioned earlier, which is patterned by an OC near the midbrain-hindbrain boundary from which symmetrically decreasing gradients of the Enl and En2 homeoproteins spread rostrally and caudally (Joyner, 1996; Lumsden and Krumlauf, 1996) . This region of the neural tube contributes NC cells to the first branchial arches (Osumi-Yamashita et al., 1997) . Fgf8 in the OC is one factor responsible for establishing these gradients, a gene also expressed in ventral epithelial structures that will form the oral cavity and dentition, including the future jaw-hinge region; this gene is necessary for locating and initiating teeth [see Section (V.l.iv)). The original orientation of the presumptive jaw tissue may vary from that shown in Fig. 5 , and it is not clear if the known migration paths of NC cells coincide with the programming of the dental axes.
If patterning information is laid down early enough, an initial rostro-caudal axis could give rise to two proximal-distal axes (in the terminology used for Fig. 5 ) by folding about the hinge region between the future jaws. In fact, Kbntges and Lumsden (1996) showed that in the chick, initially rostro-caudal organization of NC cells along the neural tube is converted into proximal-distal organization along the branchial arches. A simple pattern of folding a symmetrical axis might imply that hindbrain neural crest populated the mandibular process and midbrain neural crest populated the maxillary process. However, Kbntges and Lumsden (1996) showed that this was not the case, because hindbrain crest contributed to the proximal regions of both maxillary and mandibular processes and midbrain crest to the distal portions of both.
One can reconcile this result with the folding of a symmetrical axis by postulating that distal portions of both processes arise from more rostral NC cells and that the maxillary process grows out from a more proximal region of the first arch than does the mandibular process. In fact, the mandibular processes do appear before the maxillary processes, the latter of which appear to arise from a rostral, proximal region of the mandibular process. The tooth-bearing ectodermal regions and their underlying NC could be derived from the midbrain region, and all could be distal to the hindbrain-derived NC that contributes to bone, cartilage, and muscle. However, this geometry seems to rule out a direct role for the mes-met OC itself in patterning the first arch.
What about the incisors? The derivation of the upper incisors from the frontonasal mass, rather than the first branchial arch, raises the question of whether the entire dentition (or even just the upper) is patterned as a unit. Even from early stages of development, both the epithelium and the NC of the upper incisor region are likely to be non-contiguous with similar cells in the first arch. Based on work in the chick, early (0-3 somite stage) ectoderm of the first arch processes comes from a region lateral to the mesencephalic neural fold, while premaxillary epithelium is from a more anterior region Le Douarin, 1985, 1990) . The source of NC in these regions is similar to the source of their epithelium, since the two grow out together; prosencephalic neural crest contributes to the medial nasal process, anterior midbrain crest to the lateral nasal process, and posterior midbrain crest to the first branchial arch, and the frontonasal epithelium of the mouse came from the anterior neural ridge of the E8.0 embryo, consistent with the chick data (Osumi-Yamashita et al., 1994) .
Most authors treat the lower dentition as being patterned along a single axis. If similar induction and toothtype specification processes apply to the upper dental arch, they would be expected to act when upper jaw precursors also represent a single axis. If this occurs prior to the outgrowth of the facial processes, then there would have to be a gap in the pattern, with no corresponding element in the lower jaw, because of the tissue origins discussed above. Such patterning could not occur after the fusion of maxillary and medial nasal processes because of Lumsden and Buchanan's (1986) In sum, the degree of parallelism of the evolution of the upper and lower dentitions suggests that some similar process may be at work in both-for example, parallel or mirror-image BTPs acting on a contiguous tissue axis. This is an attractive, economical view, but then when is such an axis programmed, given the developmental differences between the two jaws? The alternative is that different inductive mechanisms operate in both jaws, but activate similar downstream developmental cascades. At present, we do not know which of these is true.
(IV.2) NEURAL CREST AND EPITHELIUM
IN DENTAL PATTERNING
The origin of teeth from ectodermal epithelium and NCderived mesenchyme raises the question of the location of the dental initiation and patterning information. Determining the initial source of this information is complicated by the fact that, during the development of the facial processes, the NC cells migrate in association with expanding and proliferating epithelium, as well as mesoderm (Noden, 1991) . All three tissues have been shown to exhibit an initial organization along the rostro-caudal axis that predicts their final localization in developing cranial structures, including the jaws (Couly and Le Douarin, 1990; Serbedzija et al., 1992; Osumi-Yamashita et al., 1994 Trainor and Tam, 1995) . Kontges and Lumsden (1996) showed that in the chick, rostro-caudal organization of pre-migratory NC cells along the neural tube was converted into mesio-distal organization in the branchial arches. In the mouse, Imai et al. (1996) showed that midbrain NC cells are included in mandibular molars, but the exact source of the NC cells of the other teeth has not been directly demonstrated.
Recall that, despite the highly patterned migration of NC cells, tissue recombination experiments in the mouse suggest that information for tooth initiation and tooth type determination initially resides in the epithelium, prior to the morphological appearance of teeth (Lumsden, 1988; Kollar and Mina, 1991) . Furthermore, NC migration is not necessary for tooth development, and mandibular epithelium is capable of inducing odontogenesis in trunk NC cells (Lumsden, 1988; Graveson et al., 1997) . The control of tooth type subsequently switches from the epithelium to the mesenchyme (Lumsden, 1988 ).
(IV.3) THE AUTONOMY OF THE TOOTH GERM As noted earlier, cultured explants in the mouse show that teeth are autonomous units, even before their placodes are morphologically visible. Individual teeth, and indeed whole sets of molars, develop in isolation from the jaw (Lumsden, 1979; Luckett, 1993; Butler, 1995; Ten Cate, 1995) . If sectioned early enough, partial tooth germ rudiments can generate fully formed teeth, an informative fact about scale invariance in the patterning process [see Section (VII)l. Within teeth, individual cusps also appear and develop independently (Snead et al., 1988; Butler, 1995; Jernvall, 1995 There are several times and places when extracellular signaling could be involved in patterning the dentition.
(V.1 .1) Similarities between facial primordia and limb buds The limb bud is one of the most extensively studied models for pattern formation, and patterning of this structure is believed to be associated intimately with outgrowth (Tabin, 1991; Tickle, 1995) . Numerous extracellular signaling molecules that play a role in outgrowth and patterning have been identified (Shubin et al., 1997) . Several authors have pointed out similarities in the outgrowth of facial processes and limb buds extending to the expression of extracellular signaling molecules (Shubin et al., 1997 ; see references in Stock et al., 1997) . Stock et al. ( 1997) suggested that the dentition might be patterned during the outgrowth of the facial processes.
In the limb, a thickened apical ectodermal ridge (AER) is required for outgrowth and the maintenance of proliferating, undifferentiated mesenchymal cells that lie underneath the AER. Proximal-distal (PD) patterning depends on the time cells spend in this mesenchymal progress zone before being left behind and differentiating. A region of posterior, distal mesenchyme, the zone of polarizing activity (ZPA), controls anterior-posterior (AP) patterning. Information for patterning the dorso-ventral (DV) axis resides in the ectoderm. AP and PD limb patterns are controlled by Hox genes (Nelson et al., 1996) , whose expression there is induced by extracellular signaling molecules. Epithelial Fgf8 provides a signal for the initial limb budding (Crossley et al., 1996) , while Shh in the ZPA controls AP pattern by inducing Bmp2 and then Hox genes (Tickle, 1995; Duprez et al., 1996) . Continued outgrowth requires AER expression of Fgf4 and Fgf8 (Tickle, 1995; Crossley et al., 1996) , and pattern along the DV axis is controlled by Wnt7a in the dorsal ectoderm (Tickle, 1995) . Additional molecules similarly deployed in limbs and facial processes are described in Shubin et al. (1997).
In the facial primordia, there is no analog to the AER, but outgrowth is dependent on EMI (Wedden et al., 1988; Richman and Tickle, 1992) , and a similar set of growth factors is deployed (Francis-West et al., 1994; Wall and Hogan, 1995) . Delineation of the arches has been proposed to be the result of growth-inhibiting effects of Bmp7 (also found in the limb) in the branchial cleft regions (Wall and Hogan, 1995) , and outgrowth may be maintained by epithelial Fgf8 and Fgf4 (Niswander and Martin, 1992; Crossley and Martin, 1995) . Bmp2 and Bmp4 are initially expressed in the distal epithelium, then in the underlying mesenchyme (Francis-West et al., 1994; Wall and Hogan, 1995; Helms et al., 1997) . There is a PD gradient of Wnt5a expression in both the limb bud and the frontonasal process (Gavin et al., 1990) . Oral-aboral polarity (tooth-forming vs. non-tooth-forming surfaces) of the mandibular process may be related to expression of Wnt3 and Wnt3a in the aboral epithelium (Roelink and Nusse, 1991 ).
An interesting difference between signaling factor deployment in the limb and facial processes relates to polarizing activity and Shh expression. Polarizing activity in the frontonasal process of the chick (Helms et al., 1997 ; assayed by grafting tissues to the limb bud and scoring for gene expression and digit duplication), or the mouse tooth germ (Koyama et al., 1996) , was limited to the epithelium. In the limb, such activity is located in the mesenchyme (the ZPA). Shh expression was also limited to the frontonasal epithelium rather than to the mesenchyme, as in the limb (Helms et al., 1997) .
(V.1 .ii) Sonic hedgehog and the subdivision of a single incisor field In the limb, Shh may be acting as a morphogen in the classic sense of that term. Whether it does so in the facial processes or dentition is not known. But a role for Shh in incisor patterning in relation to the midline is suggested by human holoprosencephaly (Roessler et al., 1996) . This syndrome is characterized by the incomplete subdivision of structures across the midline of the head, such as the forebrain, eyes, nose, and, significantly, the upper dentition. In mild cases, a single central maxillary incisor may be located on the jaw midline (i.e., there are three rather than four upper incisors). This phenotype has been found in human heterozygotes for Shh mutations, indicating a quantitative dose effect.
Classic studies suggested that, in vertebrates, an initially single eye field is subdivided by influences from the prechordal plate [axial mesendoderm underlying the forebrain (Chiang et al., 1996) 1 The cyclopic phenotype of Shh knockout mice led Chiang et al. (1996) to propose that Shh in the prechordal plate (Marti et al., 1995; Shimamura et al., 1995) contributes to this signal. The role of the prechordal plate and/or Shh in subdividing the eye field is further supported by experiments in zebrafish (Ekker et al., 1995; MacDonald et al., 1995) , Xenopus, and the chick (Lietal., 1997).
We suggest that the single maxillary central incisor in holoprosencephaly similarly represents an incomplete subdivision of an initially single upper incisor field and that Shh is responsible for this subdivision across the midline in normal development. Lumsden and Buchanan (1986; Lumsden, 1982) listed a number of observations in the mouse that are consistent with an initially single incisor field in the mandible.
In addition to being expressed in the initial dental epithelial thickening (Bitgood and McMahon, 1995) , Shh expression has been reported in a number of locations that could influence early patterning of the dentition (Wall and Hogan, 1995; Helms et al., 1997) . In the chick embryo, Shh is expressed at early stages in an epithelial region that later gives rise to the oral cavity. Subsequent expression is found in the stomatodeal roof ectoderm, followed by expression in the midline ectoderm of the frontonasal process. Kronmiller et al. (1995b) (V.1 .iii) Shh and Pax genes may function in a midline signaling system for the dentition Stock et at. (1997; Weiss et al., 1998) suggested that Shh may pattern the dentition through its regulation of Pax genes. This proposal was based on the dental phenotype of mice with a mutation in the Pax6 transcription factor (Kauffman et at., 1995) , the effects of Shh mutations in humans (Roessler et al., 1996) , and a previously hypothesized signaling system for patterning the optic vesicle along its proximal-distal axis (Ekker et at., 1995; MacDonald et al., 1995; Chiang et al., 1996) . Analysis of Pax2 and Pax6 expression in zebrafish overexpressing or deficient in Shh (Ekker et at., 1995; MacDonald et al., 1995) and mice homozygous for an inactivation of Shh (Chiang et al., 1996) supported a model in which Shh activity in the ventral midline of the forebrain and/or the underlying prechordal plate promotes proximal fates in the optic vesicle (optic stalks) by stimulating Pax2 expression and inhibits distal fates (optic cups) through repression of Pax6 expression.
Mice homozygous for a mutation in Pax6 exhibit defects of the optic vesicle and fail to develop lens or nasal placodes (Grindley et al., 1995; Kauffman et al., 1995) . These mice also frequently show additional upper incisors distal (lateral) to the normal pair (Kauffman et at., 1995), a pattern clearly affected by other genes, because its strength of effect depends on the genetic background of the affected mice (Quinn et at., 1997).
Stock et al. (I1997) interpreted these additional teeth as an expansion of mesial (toward the midline) fates at the expense of fates distal to the midline (no teeth). Interpretation of the dental phenotype of Shh mutations in humans described above as a reduction of mesial fates led to the proposal that Shh promotes mesial fates in the upper incisor dentition and inhibits distal fates in part through repression of Pax6 expression.
Previously published expression patterns of Pax6 in the mouse (Grindley et al., 1995) and the chick (Li et al., 1994) suggest that any patterning effects of this gene on the dentition must be the result of expression well before the appearance of tooth primordia, and that patterning of the lower jaw would have to differ at least in part. At E8.0-E8.5 in the mouse (early somite stages), Pax6 is expressed in a broad region of the head surface ectoderm covering the forebrain, but not the presumptive first branchial arch (Grindley et al., 1995) . This expression domain may overlap or be contiguous with presumptive premaxillary (and hence upper incisor) epithelium, as defined in the mouse (Osumi-Yamashita et al., 1994) and chick Le Douarin 1985, 1987) . In the chick, Pax6 expression has been reported to be lower or absent in ventral midline epithelium at similar stages (Li et al., 1994) , consistent with a role for this gene in controlling distal fates in the upper incisor dentition. In addition, the lack of Pax6 expression in the presumptive first branchial arch epithelium may explain why mutation of the mouse gene affects only the upper incisors.
Tissue transplantation experiments in the chick showed that the prechordal plate can inhibit Pax6 expression, and, as described above, this structure is likely to be responsible for the subdivision of the eye field (Li et (Schedl et at., 1996) . Variation in premaxillary tooth number caused by Shh and Pax6 mutations indicates that these genes are involved at least indirectly in tooth initiation. We suggest that teeth are initiated after cells have interpreted their position relative to the midline in the head epithelium. Whether the postulated midline signaling system (Stock et at., 1997) controls tooth shape (i e, the incisor shape gradient; Butler, 1939) (Glaser et al., 1994) , and the phenotype could be missed easily.
It is unknown whether other Pax genes play a role in the dentition similar to that proposed for Pax2 in the optic vesicle (specification of mesial fate). Pax2 expression has not been reported in the ventral midline of the head ectoderm, and no effects on the dentition have been reported in association with Pax2 mutations in mice and humans (Torres et al., 1995 (Torres et al., , 1996 Sanyanusin et al., 1995; Favor et al., 1996) . Paxl-deficient mice may lack upper incisors (Dietrich and Gruss, 1995) , a phenotype consistent with a role for the gene in specifying mesial fates (Stock et al., 1997) . However, Paxi, like a number of other Pax genes (including Pax9), is expressed in the mesenchyme of the facial processes rather than the early head epithelium (Dietrich and Gruss, 1995; Neubuiser et al., 1995; Mansouri et al., 1996) . The activation of Pax6 by Shh and possible inhibitory effects of the latter on an unknown gene resemble likely components of a BTP If such a process is involved in patterning the incisor dentition, reaction diffusion models predict specific types of interactions with asyet-undiscovered components (Meinhardt, 1996). (V.1 .iv) Control of tooth initiation Several extracellular signaling molecules have been shown to be expressed in tooth germs from their earliest appearance as an epithelial thickening (e.g., Maas and Bei, 1997 (Peters et al., 1998) . Neubuser et al (1997) showed that Fgf8 induced Pax9 expression, and that this induction was inhibited by Bmp4. Fgf8 has also been shown to induce the transcription factors Lhx6 and Lhx7 in dental mesenchyme, where they are naturally expressed in tooth germs (Grigorion et al., 1998) .
The interactions of Fgf8, Bmp4, and Bmp2 resemble those expected for components of a reaction diffusion system. However, if their distributions are "read out" into a simple code of Pax9 expression that determines tooth location, then the interesting patterning question is how the distributions of the former three genes are established. Furthermore, there a few difficulties in interpreting the findings described above. The link between Pax9 expression and tooth initiation remains indirect, since the knockout mice still exhibited the earliest morphological stage of tooth initiation. There has been evidence that Bmp4 induces rather than inhibits tooth formation (Vainio et (Petkovich, 1992; Mangelsdorf et al., 1994) . Retinoic acid is a diffusible factor that produces pattern alterations in a number of regions of the developing embryo, including the axial skeleton, limbs, and craniofacial region (Conlon, 1995) . Krcnmiller and Beeman ( 1994) reported a concentration gradient of all-trans retinoic acid between incisor and molar regions of the mouse mandible and an opposing gradient of retinol; retinoid receptors and binding proteins are present in the developing jaws Ruberte et al., 1990 Ruberte et al., , 1991 Ruberte et al., , 1992 . This concentration gradient and ability to modify tooth morphology (see below) suggest a role for retinoic acid in tooth development, although retinoic acid may not act strictly through concentration gradients (Conlon, 1995) .
Retinoids affect the extent of the incisor region. Maternal administration of retinoids to mice inhibited molar development, produced supernumerary incisors, and fused tooth germs in their offspring (Deuschle et a! 1959; Kalter and Warkany, 1961; Knudsen, 1965 Knudsen, , 1967 . The periodicity of the teeth in the dental lamina was affected, but there were no homeotic changes or disturbances of tooth morphology. In vitro experiments with exogenous retinoids have led to missing molar tooth germs (Kronmiller et al., 1992 (Kronmiller et al., , 1995a Zhao et al., unpublished) , and Kronmiller et al. (1995a) reported that application of all-trans retinoic acid to cultured mouse mandibles produced supernumerary tooth initiation sites (epithelial invaginations) extending into the mouse diastema and molar regions. Knockouts of retinoic acid receptors in mice have led to the absence of upper incisors (Mark et al., 1995) . This defect was associated with failure of outgrowth of the frontonasal processes. Helms et al. (1997) (Hunt and Krumlauf, 1992; Ruddle et al., 1994; Maconochie et al., 1996) in a given region of the anterior-posterior axis is a combinatorial code that specifies position along that axis (Krumlauf, 1994; Ruddle et al., 1994; Burke et al., 1995) . Corresponding genes in similar positions within each of the Hox clusters, called trans-paralogs, have largely similar expression boundaries and function. Experimental alteration of this code can cause homeotic changes in the morphology of structures forming at the affected boundary (Krumlauf, 1994 )-a term coined by Bateson (1894) for just these kinds of changes observed in nature.
The dentition seemed an obvious candidate for a segmental, regionally differentiated, homeotic organ system controlled by a Hox code (Weiss, 1990 (Weiss, , 1993 Weiss et at., 1995) . The evolution of heterodonty is roughly parallel in paleontological time and phylogeny to Hox-related differentiation among elements of the limb and vertebral column, suggesting-on morphological groundsthat similar Hox mechanisms could be responsible for dental patterning. Unfortunately, paraphrasing Thomas Huxley, this is a beautiful theory slain by the ugly fact that the most anterior expression of the Hox genes does not include the first branchial arch (Hunt and Krumlauf, 1992; Prince and Lumsden, 1994) .
It is possible that other homeobox genes are involved in patterning the dentition. We and others showed that multiple members of the Dlx and Msx classes of homeobox genes are expressed in developing tooth germs (Mackenzie et al., 1991 (Mackenzie et al., , 1992 Porteus et al., 1991; Robinson et al., 1991; Dolle et al., 1992; Weiss et al., 1994 Weiss et al., , 1995 . In mammals, there are at least six Dlx homeobox genes, which are arranged as three pairs of adjacent genes, each linked to a Hox cluster. These linkage groups probably arose by joint Hox-Dix cluster duplication events (Nakamura et al., 1996; Stock et al., 1996a) . Whereas the Hox genes are expressed posterior to the mes-met OC, the Dlx genes are expressed anterior to that point, leading us to the irresistible hypothesis that combinatorial codes of Dlx expression are involved in tooth and jaw evolution and development (Weiss, 1993; Weiss et al., 1994 Weiss et al., , 1995 . Subsequently, Sharpe (1995) included Dlxl and Dlx2 spatial expression in a specific code by which they might work, ideas that have been updated by more recent work (Qiu et al., 1997; Thomas et al., 1997 ; (Robinson and Mahon, 1994) . This expression pattern is shared at least as far back as the common ancestor between mammals and teleost fish (Akimenko et al., 1994) .
By about E10.5, when the maxillary and mandibular processes of the first arch have formed, all six Dlx genes are expressed, mainly in the mesenchyme (Dlx2 is also expressed faintly, and Dlx3 in a restricted region near the lower midline, in the oral epithelium). As shown in Fig. 6 (Qiu et (Nakamura et al., 1996) are found only in non-dental regions of the first arch. This expression pattern appears to reflect regulation of Dlx genes at this stage in a way related to their genomic organization.
Sharpe and colleagues (Sharpe, 1995; (1998) thickenings (Qiu et al., 1995 (Qiu et al., , 1997 Thomas et al., 1997) . Lower molars and all other teeth developed normally in the dual-knockout mice, and no effect on the expression of early epithelial markers (Shh and Fgf8) was observed. Ectopic cartilage was found in the region normally occupied by molar mesenchyme. Qiu et al. (1997) interpreted the knockout results and expression data as evidence for a patterning system similar to the summed expression of the Hox genes to establish a single proximal-distal axis along the first arch (as in Fig. 5A ). In this patterning system, the code for the distal portion of the arch (their terminology, corresponding to the mesial tip of the mandibular process) is the expression of Dlxl, Dlx2, Dlx3, Dlx5, and Dlx6. More proximal regions of the mandibular process express all of these genes except Dlx3, and the most proximal portion of the first arch (maxillary process) is specified by the expression of only Dlxl and Dlx2. This Dlx code was hypothesized by Qiu et al. (1997) to be involved in patterning all of the structures of the first arch. The exact correspondence of the expression boundaries to tooth types was not described. Nevertheless, the authors interpreted the Dlxl/Dlx2 knockout result as evidence that these two genes form a code that specifies odontogenic neural crest cells as the upper molar.
There are several problems with the above interpretation, and alternative hypotheses remain to be excluded. If combinatorial patterns of Dlx expression serve as selectors for molar tooth type, loss of function mutations might be expected to result in homeotic changes toward a more proximal identity (using the analogy between Dlx and Hox codes suggested by Qiu et al., 1997). The fact that Dlxl and Dlx2 are hypothesized as the code for the most proximal tooth types leaves unclear what the default state of odontogenic mesenchyme (in the absence of Dlx genes) might be. Perhaps it is cartilage, as is found in the upper molar region of the dual-knockout mice. Another possibility, however, is that the default state is the incisor. Sharpe (1995) and our unpublished data suggest that both upper and lower incisors develop in a region where mesenchymal Dlx expression is lacking. The lack of an upper-molar-to-incisor transformation in the dual-knockout mice might be due to the inability of mesenchyme to respond to epithelial signals in the upper molar region rather than to a defect in the mechanism of tooth type selection. The latter explanation is consistent with the fact that epithelial thickenings develop in the upper molar region, but tooth development does not progress beyond this stage (Qiu et al., 1997; Thomas et al, 1997) . A way of testing whether the Dlx code of Qiu et al. (1997) functions in the selection of tooth type is to construct a Dlx5/Dlx6 dual-knockout. This would make the Dlx code in the lower molar region identical to that in the upper molar region. Assuming that developmental anomalies in other structures were not so severe as to preclude analysis of the dentition, Dlx involvement in tooth type selection would predict that the lower molars will acquire the cusp pattern of upper molars. Conversely, the absence of an effect on lower molar teeth would be consistent with the involvement of Dlx genes in processes downstream of tooth type selection, coupled with functional redundancy among family members.
A role for nested domains of mesenchymal Dlx gene expression seems inconsistent with the results of the tissue recombination experiments described by Lumsden (1988) and Kollar and Mina (1991) . These suggest that information for tooth type selection is present in the epithelium at the time that nested Dlx expression domains are found in the mesenchyme. Such information is believed to be transferred to the mesenchyme at later stages, but only after Dlx gene expression is more similar between different types of teeth (Zhao et al., unpublished) . It should be pointed out, however, that the conclusions of Lumsden (1988) are not universally supported (Ruch, 1995) . Finally, we note that the Dlx code of Qiu et al. (1997) differs somewhat from that proposed for the Hox gene family. In the former case, cis-paralogues share expression domains and may be functionally redundant, while in the latter case, the more closely related trans-paralogues are more similar in expression domain and possibly in function (Sharkey et al., 1997) .
(V.2.b) Tooth initiation By about E12.5, general jaw mesenchymal expression of Dlx genes has waned, and tooth initiation is beginning in specific sites, the dental placodes, in the two jaws. In those sites, only the trans paralogs Dlx2 and Dlx3 are expressed, in upper and lower jaws and both types of teeth (Thomas et al., 1995; Zhao et al., manuscript in preparation) . If Dlx genes have general redundancy, we can hypothesize that a Dlx3 knockout will not affect tooth initiation, but that a dual D1x2/3 knockout will prevent any teeth from initiating. Recently, Dlx3 has been knocked out in the mouse, but most -/-embryos fail to survive beyond E10.5, so these animals have not been informative regarding tooth development or jaw programming (T. Sargent, personal communication).
(V.2.c) Tooth morphogenesis and terminal histogenesis Once initiated, teeth develop as independent units. All six Dlx genes are expressed during these stages, but in different regions of each tooth type, at different times, also varying within a tooth during its odontogenesis (Zhao et (1998) E15.5. The expression of the Dlx genes is typically confined to the tooth germ or dental follicle (and not surrounding tissue). Unlike their differences during jaw patterning at E10.5, the complex expression of the Dlx genes during tooth morphogenesis is essentially the same in the upper and the lower teeth.
TPwo features of Dlx expression during dental patterning also characterize many if not most of the other genes discussed in this review: (1) multiple use of the same genes during dental patterning and development, and (2) independent expression and hence regulation of these individual genes at different stages (the same combinations are not always co-expressed). Unless tissue-specific splicing variation is involved, it seems likely that tissuespecific function-rather than protein function-resides in the patterns of regulation of these genes. Unless target DNA binding regions are accessible in only some tissue contexts-for example, by tissue-specific patterns of chromosomal packaging-the multiple specificities of the same gene probably depend on the other regulatory genes that are co-expressed in each context. And the multiple contexts in which a given Dlx gene is itself activated are driven by the presence of multiple enhancer sequences flanking the gene (McGuinness et al., 1996; our work, unpublished) .
It is tempting to speculate that the evolution of dental patterning may correlate directly with the duplication events that produced the Dlx-Hox complexes, especially given the relationship between the anterior-posterior domains of their respective expression. However, the duplication events occurred long before the evolution of heterodont differentiation in the mammalian dentition Burke et al., 1995; Stock et al., 1996a) .
Overall, on present evidence, the most likely role of Dlx genes in jaw patterning seems to be to relate to the regional responsiveness of mesenchyme to epithelial initiation signals, and subsequently to participate in initiation and morphogenesis in ways not yet known. Whether these genes have anything to do with tooth type directly, rather than indirectly, is not yet clear.
(V.2.d) Other transcription factors known to be present during tooth development Miscellaneous other transcription factors are expressed during dental patterning (and more will likely be found). The paired-box gene Ptx2 (also called Otlx2) is expressed in the early stomatodeal ectoderm (Mucchielli et al., 1997) , and that gene is responsible for Rieger syndrome, which affects tooth development (Semina et al., 1996) . Barxl is expressed in the mesenchyme in the region that will later contain molars (Tissier-Seta et al., 1995) . At the tooth initiation stage, other transcription factors found in dental placodes include Msx2 and Lefl. Barxl continues to be expressed only in the molar region mesenchyme. A related gene, Barx2, is also expressed in dental tissue (Jones et al., 1997) . During tooth morphogenesis, as the bud stage progresses to the bell stage and final histogenesis, Msxl and Msx2, Barxl, Lhx6, Lhx7, and Ptx2, and at least 15 Sox genes also appear to be expressed in tooth germs (Stock et al., 1996b; Maas and Bei, 1997; Toothbase, 1997 (Vastardis et a)., 1996) ; however, the missing teeth are also the last to form during development and might be the most susceptible to defects in developmental processes common to all teeth (Thesleff, 1996) . Activin is a member of the TGF3 family; inactivation of activin3A, the activin binding protein follis- (Maas and Bei, 1997) and Pax9 knockouts (Neubuser et al., 1997) . Ectopic Lefl induces additional tooth development in dental lamina and lip furrow, as well as ectopic hair in these regions, suggesting a general affect in tooth-competent epithelium (Zhou et al., 1995) . Recent tissue recombination experiments have shown that Lefl is transiently necessary in the epithelium when the instructive/inductive signal is passed to the mesenchyme (Kratochwil et al., 1996) If one looks at the changing shape of a developing tooth, the resemblance to the formation of wave patterns-like those so effectively modeled by reaction diffusion BTPs-is striking. Form arises from a slightly thickened but otherwise formless dental lamina, leading to the familiar bud, cap, and bell stages of crown development (Fig. 7A . One might say, subjectively, that the structure that emerges is latent within the initial conditions of the tooth germ.
At the cap stage of molar development, lingual and buccal ridges called enamel grooves form from the developing inner enamel epitheliunm (IEE), wrapped along a condensed, rod-like, intervening epithelial ridge of cells known as the primary enamel knot (EK), which runs along the mesial-distal axis of the jaw (Schour, 1962; Peterkova et al., 1996; Vaahtokari et al., 1996a) . Gradually, cusps appear as secondary 'waves' in sequence along each enamel groove (shown in crosssection in Fig. 7A ; Jernvall et al., 1994; Butler, 1995) .
During the bell stage, the primary EK disappears, and the secondary EKs appear on the tip of each cusp. Unlike the longitudinal rod-like primary EK, the secondary EKs are cell clusters that remain on the tips of the cusps until the crown pattern is nearly completed ( Fig. 7B; The EK is a cluster of non-dividing cells derived from the dental epithelium. A potential role for this structure in crown pattern formation has been inferred for a long time (see Kirino et al., 1973; Mackenzie et al., 1992; Butler, 1995 Butler, , lernvall, 1995 . The EK may serve as an OC to control relative growth and growth inhibition in neighborhoods within the developing tooth (Thesleff and Sahlberg, 1996; Thesleff and Jernvall, 1997) .
Analogy between the patterning of the jaws and limb was discussed earlier, in Section (V). Similar analogies have been suggested for the role of EMI or of the EK in the development of individual teeth (Lumsden, 1979; Jernvall, 1995) . The EK expresses a number of signaling factors such as Shh, Bmp2, Bmp4, Bmp7, Fgf4, and the homeobox transcription factor Msx2 (Mackenzie et al., 1992; Niswander and Martin, 1992; Thesleff and Sahlberg, 1996; Thesleff and Jernvall, 1997) . This expression resembles the AER and ZPA in the limb bud, notochord, floor plate of the spinal cord, and facial processes A sr lee oee sek dp cI B Figure 7 . Schematic representation of the structures in molar tooth germs at the cap (A) and bell (B) stages. Cl, cervical loop; dm, dental mesenchyme; dp, dental papilla; eg, enamel grooves; en, enamel navel; pek, primary enamel knot; sek, secondary enamel knots; iee, inner enamel epithelium (where ameloblasts develop); oee, outer enamel epithelium; sr, stellate reticulum. (Niswander and Martin, 1992; Fietz et al., 1994; Hogan et al., 1994; Kingsley, 1994; see Thesleff and Sahlberg, 1996; Zhao et al., in press ).
In the cap-stage enamel organ, the enamel cord and enamel navel (Figs. 5B, 6A) also express Msx2 (Mackenzie et al., 1992) and perhaps help specify the position of the first buccal cusp, as a reference point for the later cusps (Ruch et al., 1982; Mackenzie et al., 1992; Butler, 1995) . Msx2, the only transcription factor found in the EK so far (Mackenzie et al., 1992) , has been shown to be regulated by Bmp4 in tooth development (Vainio et al., 1993; Chen et al., 1996; Maas and Bei, 1997 Thesleff et al., 1996; Thesleff and Sahlberg, 1996) . Proliferation of the IEE bilateral to the EK gives rise to the cap-shaped enamel organ with the enamel grooves and the cervical loops (Figs. 8B, 8C ). At the same time, the dental mesenchyme is in a high mitotic state, suggesting that it plays a physical role in epithelial folding (Vaahtokari et al., 1996a; Thesleff and Jernvall, 1997) . Later, at the bell stage, the primary EK disappears through apoptosis (Vaahtokari et al., 1996b (Fig. 8C ). An increased mitotic index of the IEE during the period of epithelial folding was also demonstrated by Ruch (1987) , who suggested that the activity was related to cusp formation. Cells within the enamel organ differentiate to secrete hydrophilic glycosaminoglycans which accumulate fluid in the intercellular spaces, increasing pressure in the interior of the enamel organ, to maintain its shape and volume (Butler, 1956 (Glasstone, 1963) , whereas tooth germs halved longitudinally (mesio-distally) did not do so. Proximal first arch tissue dissected at E1O.5 from just caudal to the location of the future MI develop into molars (Lumsden, 1979 A likely answer is that tooth growth and maturation seem to take place only after crown shape has been established (e.g., lernvall, 1995). The future jaws and the early tooth germs of mammals are programmed early in development, when the embryos, and their tooth primordia, are all of roughly the same size across species (Luckett, 1993, and personal communication (Quinn et al., 1997) .
If the same gene is expressed in multiple ways during dental development, how is one to interpret the results of such studies? Perhaps it is better to intervene only at selected times. Antisense experiments in organ culture to inhibit a specific gene, or the application of exogenous or ectopic gene product, are not always easy to do but can be informative. Similarly useful would be the development of context-specific quantitative overand under-expression experiments in transgenic animals. To do the latter, we need to identify appropriate context-specific enhancers.
It might seem curious to question whether there need ever be a difference in the genes expressed in different types of teeth, and direct cDNA comparison should be able to detect such a difference. That difference might persist, since successional tooth germs remember what to be for many years after birth. If selforganizing BTPs are responsible for crown patterning, tooth type could be wholly determined by the initial conditions; these could have to do only with levels of morphogens, size or shape of the clone, etc., and with no, or only very fleeting, genetic differences, or with the ratios of gene expression. For example, Fgf4 is expressed in EKs; finding Fgf4 expressed in the first cusp of an E15 molar germ but not elsewhere in the tooth does not mean that the gene is a cusp-specific code. Whether a single quantitative process could be responsible for the entire dentition is unclear, given the evolutionary independence of the different tooth classes. For example, even if a single process were not responsible for tooth type, aspects like shape differences and size gradients within class may be due to such mechanisms.
Essentially, at this stage, we simply do not know, and the difficulties of this challenge are clear (Ruch, 1995) .
Conclusion
The basic patterning questions are: What determines the number, location, and morphological differences among teeth? The work reviewed here shows that there has been considerable progress in our understanding of the genetic basis of these phenomena, although we know much more about specific gene induction pathways than we do about ultimate patterning mechanisms. Specifically, we still do not know whether different tooth types require different genes or just different parameters of self-contained generating processes. We have noted similarities in the genes expressed, and perhaps even the genetic regulatory pathways, in teeth at different times and places as well as in other developing organs like the limb. This raises a question as to how similar sets of genes can be expressed in different tissues and yet control tissue specificity. The likely explanation is that the sets of factors expressed in each context are not completely overlapping. Additional factors that have not yet been discovered are probably also involved.
These considerations and the similarity of most known natural or experimental effects on teeth (that only some of a given tooth type are affected, or only the maturation) raise the question whether we have failed to identify any of the genes involved in primary dental patterning. Is this possible? One way it could be so is if we are looking for specific genes rather than processes-a major point of this paper.
We have discussed dental patterning in comparative and evolutionary terms. Even to identify such a thing as the 'general' problem implies some assumption(s) about the unity of life. Clearly, we rely on evolution for its paramount concept, common ancestry. Comparative and evolutionary approaches to the genetics of a trait like the dentition are useful mainly by extending this notion to homology, which ever since Darwin has usually implied shared ancestry, despite some long-standing objections (Bateson, 1894; Hall, 1992; Webster and Goodwin, 1996) .
Without the general idea of homology, we would be less interested in dental patterning-heterodonty, for example-in other species as models for the same type of patterning in humans. Why else would there be interest in the mouse diastema region or its 'missing' canines or premolars? Conceptually not far from the essentialism of past centuries (or millennia), we assume that the mouse is a representation of a plan that in some senses contains, or at least contained, these phantom structures (or perhaps not-so-phantom: Tureckova et al., Ruch et al., 1997) . We look at the mouse to identify genes we assume have similar function to (assumed) earlier states such as fish teeth and scales and to (assumed) more directly homologous traits like human teeth. It is tacitly assumed that there is some genetic difference between molars and incisors, and that this difference is shared and thus homologous among heterodont species. If we are wrong, much research effort will be wasted.
These issues have direct biomedical relevance. In principle, the greatest advance in the history of dentistry would occur if natural regenerative therapy could replace prosthetic restorative implants for damaged teeth. Progress is clearly being made toward our improved understanding of the inductive pathways that produce competent odontogenic cells. But if the shape of a tooth is determined by BTPs as described above, it may not be sufficient to paint the cleaned surface of a decayed tooth with (say) competent pre-ameloblasts. The temporal and three-dimensional dynamics of the processes needed to generate useful occlusion may require very specific, perhaps non-uniform, initial conditions on such a surface. A mass of new but unshaped enamel will not be of much use.
A considerable amount is now known about genes expressed in teeth and gene-gene induction and response pathways. Much less is known about how these generate initial pattern and morphology. We do not know what structures are specified by individual genes or genetic codes, and what are strictly process-dependent, and little experimentation has been done on the latter.
Questions of this type are among the most challenging in all of biology. Teeth are as important as ever as traits on which to work on those questions, and the working material for such studies is rapidly developing.
